Abstract Stroke is a leading cause of death, long-term disability, and socioeconomic costs, highlighting the urgent need for more effective treatments. Intravenous administration of tissue plasminogen activator (t-PA) is the only Food and Drug Administration-approved therapy to reestablish cerebral blood flow. However, because of increased risk of hemorrhage beyond 3 h post-stroke, few stroke patients (1-2%) benefit from t-PA; t-PA, which has neurotoxic effects, can also aggravate the extent of reperfusion injury by increasing blood-brain barrier permeability. An alternative strategy is needed to extend the window of intervention, minimize damage from reperfusion injury, and promote brain repair leading to neurological recovery. Reactive oxygen species (ROS), generated soon after ischemia and during reperfusion and thereafter, are considered the main mediators of ischemic injury. Antioxidant enzymes such as catalase, superoxide dismutase, etc. can neutralize ROS-mediated injury but their effective delivery to the brain remains a challenge. In this article, we review various therapeutic approaches including surgical interventions and discuss the potential of nanoparticle-mediated delivery of antioxidants for stroke therapy.
Introduction
Stroke is a sudden loss of brain function resulting from interference with the blood supply to the central nervous system (CNS). Normal cerebral blood flow (CBF) is approximately 50-60 ml/100 g/min. The reduction in CBF below 20 ml/100 g/min results in an electrical silence and less than 10 ml/100 g/min causes irreversible neuronal injury [1, 2] . Lack of blood circulation to the brain deprives neurons of necessary glucose and oxygen. Neurons are the impulse transmitters; hence, they require constant supply of energy. Up to 85% of all strokes are of ischemic origin, with most attributable to blockage of one or more cerebral arteries by blood clots, with resulting reduction in cerebral perfusion. The remaining stroke cases are hemorrhagic, involving either intracerebral or subarachnoid hemorrhage.
involves energy failure, loss of cell ion homeostasis, acidosis, increased intracellular calcium excitotoxicity, free radical-mediated toxicity, and pathological permeability of the blood-brain barrier (BBB). Free radicals, specifically reactive oxygen species (ROS) that are generated soon after ischemia, as well as in later stages of ischemic reperfusion (e.g., by inflammatory cells), are the fundamental mediators of reperfusion injury.
Mechanisms of neuronal injury
The development of hypoxic-ischemic neuronal injury is significantly influenced by the release of excitatory neurotransmitters, primarily glutamate and aspartate in the brain. This process is called excitotoxicity and is activated by depletion of cellular energy stores. Glutamate, normally stored inside the synaptic terminals, is released in the extracellular space in a depleted energy state, which then results in the opening of calcium channels associated with N-methyl D-asapartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxanole propionate (AMPA) receptors. This leads to influx of calcium, sodium, and chloride ions and efflux of potassium ions. [5] [6] [7] . The influx of calcium is responsible for the activation of a series of destructive enzymes such as proteases, endonucleases, and lipases that allow release of cytokines and other inflammatory mediators, resulting in the loss of cellular integrity [8, 9] . Inflammatory mechanisms play an important role in tissue injury by inducing the rapid production of many different inflammatory mediators. Within 30 min after ischemia and reperfusion, leukocytes recruited to the ischemic area activate mediators of inflammation such as oxygen-free radicals, cytokines, and nitric acid.
Role of free radicals in cerebral damage
A vast amount of data implicates oxygen-derived free radicals (especially superoxide and hydroxyl radicals) and highenergy oxidants (such as peroxynitrile) as mediators of inflammation in ischemia/reperfusion injury [10] . Free radicals are highly reactive molecules generated predominantly during cellular respiration and normal metabolism. Imbalance between cellular production of free radicals and the ability of cells to defend against them is referred to as oxidative stress [11] . After brain injury by ischemic stroke, the production of ROS dramatically increases leading to tissue damage via several different cellular, molecular pathways, and mechanical pressure (Fig. 1) . ROS can cause damage to cellular components such as lipids, protein, and nucleic acids, leading to subsequent cell death [12] . Damage can become more widespread due to weakened cellular antioxidant defense systems in ischemia. ROS are the major stimulators of inflammatory cytokine production (such as interleukin-1, tumor necrosis factor-α, and interferon-γ) and protease secretion by microglia, leukocytes, and resident cells of the neurovascular unit [13] . As these neuroinflammatory mechanisms become activated, alterations in cytokine profiles, adhesion molecule expression, and tight junction components mediate further vascular leakage. Significant evidence exists suggesting that ROS are involved in every fundamental physiological step that leads to neuronal death [14] and thus are considered an important target in developing an effective stroke therapy [15] . 
Stroke

Therapeutic strategies and potential issues
In treating acute ischemic stroke, two primary strategies are followed: (1) limiting the ischemic insult by early reperfusion and (2) interfering with the pathobiochemical cascade leading to ischemic neuronal damage. In developing an effective therapy, one must also weigh the deleterious consequences of reperfusion injury versus the effects of delay in resuming blood supply to the brain [16] . Within an hour of ischemia, two layers of cerebrovascular tissue develop: the inner core displaying necrosis of both neuronal as well as supporting glial elements and the outer layer of less severe ischemia called the ischemic penumbra. The cells within the ischemic penumbra can be recovered if timely therapeutic intervention is administered. The size of the ischemic penumbra (portion of the brain that can be rescued) diminishes with time as the infarct core progressively becomes hypoperfused tissue that cannot be rescued following reperfusion. Ischemic damage in the penumbra, however, is reversible and is the target of rescue via reestablishing blood flow [17] .
Reperfusion therapies
Thrombolytic agents The critical time period during which this volume of brain tissue is at risk is referred to as the "window of opportunity". At present, intravenous administration of tissue plasminogen activator (t-PA) within 3 h of symptom onset is the only US Food and Drug Administration (FDA)-approved treatment available to reestablish cerebral blood flow. Early reperfusion with t-PA increases recovery from stroke symptoms by ∼30%, with a low rate of serious complications. This will not only rescue neuronal and glial cells within the penumbra, but also glial cells from the central ischemic core zone, thereby limiting the size of infarcted tissue [18] . However, despite the beneficial outcome of early reperfusion, only 3-8.5% of eligible stroke patients receive t-PA because of the possibility of intracranial hemorrhage [19] . The American Heart Association recently suggested that selected patients may benefit from t-PA up to 4.5 h after stroke, but some counter that the risk of hemorrhagic complications beyond 3 h following ischemia is significantly greater due to breakdown of the BBB [20] . In addition, the increase in cerebrovascular permeability results in diffusion of t-PA to the brain parenchyma [21] , causing neurotoxicity [22] .
To extend treatment availability to patients with stroke and to reduce the potential for intracranial hemorrhage, intraarterial thrombolysis is a viable option for those who present for medical treatment in the 3-6 h time window [23] . The strategy behind intraarterial administration is rapid local delivery of a thrombolytic agent through a microcatheter placed near the site of occlusion. This leads to improved recanalization and reduced hemorrhagic complications due to lower doses of thrombolytic agent required to resume blood flow [24] . The disadvantages include the relative complexity of the procedure, delays in initiation of treatment, required technical expertise, and the invasiveness of the procedure [25] . To address the above issues, particularly to compensate for the delay in receiving the treatment, a combination therapy of intravenous and intraarterial thrombolysis has been tested. The initial partial recanalization with intravenous injection of t-PA is followed by complete recanalization via direct intraarterial delivery [26] .
Mechanical thrombectomy When thrombolysis is ineffective or is not considered as a viable option, mechanical devices are used to recanalize the occluded cerebral vessel to restore the flow [27] . One such device, the Merci Retriever™ (Concentric Medical, Mountain View, CA, USA), consists of a flexible corkscrew-shaped tapered nitinol wire with five helical loops that can be threaded in the thrombus, which is then removed by traction [28] . The first prospective study that examined a device-based treatment option for ischemic stroke showed a 43% recanalization rate with the device alone and a 64% recanalization rate with additional intraarterial administration of t-PA [29] . The Catch System™ (BALT Extrusion, Montmorency, France) is a tiny wire basket that retrieves the thrombus [30] . Another useful new technique has been developed in which the clot is simultaneously aspirated from the vessel as it is being extracted. The Phenox Clot Retriever™ (Phenox, Bochum, Germany) consists of a highly flexible core wire compound resembling a pipe cleaner with perpendicularly oriented polyamide microfilaments that create an attenuated palisade. It is deployed distal to the clot and is slowly pulled back under continuous aspiration via the guiding catheter.
The BONnet™ (Phenox, Bochum, Germany) consists of a self-expanding nitinol braiding with polyamide filaments passing through the interior to enlarge the surface area and enable better fixation of the thrombus mass [31] . The Penumbra System™ (Penumbra, Alameda, CA, USA) has been FDA-approved as a dual approach to clot extraction using aspiration and debulking of the thrombus to reduce or eliminate the clot burden [32, 33] . The system includes reperfusion microcatheters that are connected to an aspiration pump through an aspiration tube. A separator is advanced and retracted within the lumen of the reperfusion catheter to debulk the clot, followed by clot retrieval with a ring device that engages the thrombus by capturing it in clasps with a cylinder that is then withdrawn. The recanalization rate is more than 80% and the device has an excellent safety profile (<3% procedural serious adverse events) [34] . This system has the potential of reopening a vessel without the use of thrombolytics, thus offering dual options for recanalization via a single access platform, and decreases the need to blindly penetrate into the occluded vascular segment because it operates from the proximal end of the clot [35] .
Percutaneous transluminal angioplasty (PTA) is particularly useful in cases of atherothrombotic disease, in which the residual stenosis may reduce flow sufficiently to lead to rethrombosis [36] . PTA can be used alone or with subsequent thrombolytic therapy for distal embolization. The largest study of angioplasty for acute stroke showed that recanalization was achieved in 63.9% of thrombolyticonly treated patients, versus 91.2% in the combined thrombolytic plus PTA treatment group. Because of the risk of vessel rupture and distal embolization, this technique is generally reserved for patients whose flow cannot be restored by more conservative methods [36] . Interventional treatment of acute ischemic stroke with self-expanding stents for flow restoration has been shown to be an effective method for achieving recanalization. In a prospective study, stent-assisted recanalization in acute ischemic stroke, 100% successful recanalization was demonstrated in 20 patients, with only one symptomatic hemorrhage. The disadvantage of this approach is the implantation of a permanent prosthesis and the need for continuous antiplatelet therapy [37, 38] .
Surgical interventions Surgical reconstruction of the cervical carotid artery may be indicated in patients with transient ischemic attack but who are otherwise in good neurologic condition. Another option, microsurgical embolectomy of intracranial vessels, is an invasive procedure involving craniotomy, opening the occluded artery to remove the clot, and reperfusion of the affected area. However, because the procedure is performed through the subarachnoid space via a small craniotomy with a minimal skin incision, it is relatively safe. This can be a last therapeutic option for those patients who are ineligible to receive intravenous or intraarterial thrombolysis or in the case of failed mechanical thrombectomy. Again, there is a restrictive time window of less than 6 h from stroke onset for the intervention to be effective. Another surgical procedure utilized in ischemic stroke patients is brain decompression. In the case of major vessel occlusion, large cerebral infarcts are developed, commonly associated with rapidly progressing malignant cerebral edema [39] . This leads to compromised neuronal metabolism, decreased cerebral perfusion, and impaired oxygenation. In addition, shifting of intracranial contents and transtentorial herniation is the leading cause of death in these patients [40] . Because this kind of cerebral edema is refractory, i.e., not amenable to other forms of treatment, brain decompression is considered a therapy of last resort. Decompressive hemicraniectomy with duraplasty is a complex procedure in which a part of the skull vault is removed and the dura is opened to give more room for the expanding brain. Then, a Silastic sheet, watertight Lyodura, or pericranial grafts are placed over the craniectomy for brain protection. This procedure has been shown to result in increased cerebral perfusion, better survival, improved neurological outcomes, and a reduction in the volume of the infarction [41, 42] . Another, more invasive craniotomy involves resection of infarcted tissue and/or uncal resection. Resection of dead tissue makes room for reperfusion of live tissue in the affected area. Both types of procedures appear to yield satisfactory outcome results.
Neuroprotective therapies
Thrombolysis is likely an effective therapeutic modality because it helps restore blood flow and improve cellular metabolism in ischemic regions not yet irreversibly injured. However, thrombolysis is not targeted at the cellular consequences of ischemia. Therefore, it is essential to add a component that would act as neuroprotective or prevent the damage caused by reperfusion injury. In fact, the Stroke Progress Review Group, which is charged with assisting the National Institute of Neurological Disorders and Stroke in addressing the Institute's Stroke Research Program, has recommended research on combinations of neuroprotectants or neuroprotectants plus reperfusion therapy. Addition of neuroprotectants would protect neurons, which are susceptible to apoptosis and could minimize the damage due to reperfusion injury.
Antioxidant therapy Upon reperfusion, cells are often in a state of oxidative stress, which results in further tissue injury, known as reperfusion injury [43, 44] . ROS are usually scavenged by antioxidant enzymes, primarily superoxide dismutase (SOD), by catalyzing the dismutation reaction of the superoxide anion to hydrogen peroxide (H 2 O 2 ). Catalase and glutathione peroxidase, on the other hand, protect cells from the toxic effects of H 2 O 2 by catalyzing its decomposition into water [45] . However, two pharmacodynamic factors impede the straightforward use of native forms of antioxidant enzymes in cerebral ischemia. First, their molecular weight is well below the renal glomerular filtration cutoff, resulting in their rapid clearance from systemic circulation (e.g., t 1/2 of SOD in rats=4-8 min, catalase=8-10 min). Second, they are negatively charged at physiologic pH and therefore do not readily cross cell membranes [46] . Transient disruption of BBB permeability might permit some access of exogenous enzymes to ischemic neuronal tissue, but they do not permeate cells; neurons and astrocytes do not appear to take up the native enzyme under normal conditions, and hence cannot neutralize ROS formed intracellularly [47] . Because of these challenges, animal studies have shown no improvement in cerebral blood flow or neurological recovery with SOD or SOD with catalase [48, 49] .
Different alternatives have been investigated to address these issues: for instance, PEGylation and lecithinization to improve the circulation half-life [50] and fusion of enzymes, e.g., SOD, with cell membrane-penetrating peptides like transactivator of transcription of human immunodeficiency virus or tetanus toxin fragment to increase its ability to cross the BBB [51] . However, there are limitations to these modifications. For example, PEGylated SOD (PEG-SOD) increases the enzyme's stability in circulation from 6 min to 36 h, but it limits the permeability of SOD across cerebral cell membranes and its ability to be taken up by neuronal cells [52] . Similarly, fusion of different cell-penetrating or cell-specific peptides to target proteins requires a crosslinker via a chemical process that could cause denaturation and loss of activity of the target protein [53] . There is also a concern regarding the possible immune-mediated anaphylactic responses to hybrid proteins given to patients [46] . Intravenous delivery of SOD loaded into liposomes has shown partial inhibition of infarct volume, but the instability of liposomes in vivo (half-life ∼4.2 h) limits the duration of SOD activity and efficacy [54, 55] .
Our approach uses biocompatible, biodegradable nanoparticles (NPs) loaded with superoxide dismutase (SODNPs) with the aim to reduce the damaging effect of ROS. These NPs are formulated using poly D,L-lactide coglycolide with antioxidant enzymes encapsulated. The enzyme encapsulated in NPs is released in active form. Our initial studies demonstrated the neuroprotective effect of SOD-NPs in oxidative stress-challenged human neural cells, whereas SOD in solution and PEG-SOD were ineffective. The mechanism of protective efficacy of SOD-NPs appears to be due to sustained bioavailability of antioxidants and intracellular delivery of antioxidant enzymes [56] . In our first in vivo ischemic middle cerebral arterial occlusion rat stroke model [57] , we determined that the most efficient method of delivery of NPs is via intracarotid artery injection. The study with dye-loaded NPs demonstrated NP localization primarily to the cortex and striatal regions of the ischemic hemisphere, but not to the non-ischemic hemisphere. Our results demonstrated that over 75% of SOD-NP-treated animals showed increased survival and neurological recovery over a time period of 28 days (Fig. 2) . In addition, a reduction in breakdown of the blood-brain barrier in treatment animals was evidenced by significantly decreased Evans blue leakage in the brain (Fig. 3a) . These results have driven further research into the neuroprotective effects of SOD-NPs (Fig. 3b) , as well as investigation into how we can further abrogate the negative effects of ROS production in ischemic stroke. The protective effect of SOD-NPs could be due to the direct antioxidant effect of the active enzyme released from the NPs localized in the brain. It is possible that SOD-NPs prevented the cascade of events or acted at several stages in the pathophysiology of reperfusion injury. Breakdown of the BBB is an early event arising from free-radical damage, especially from superoxide radicals generated in endothelial cells during ischemia and reperfusion [58] . SOD-NPs localized in lining of the cerebral vasculature protected the BBB from free-radical injury, which then could have prevented the leukocyte adhesion that otherwise is a common event following reperfusion as well as prevented edema formation [59] . We are investigating further to understand the mechanism of recovery of animals with time. It is quite possible that the conducive conditions created in the brain as a result of the sustained free-radical scavenging effect of SOD released from NPs localized in the brain [60] could have played a role in facilitating the process of angiogenesis and neurogenesis in the infarcted brain. Recently, we began working on developing a thromboembolic rat stoke model to mimic the clinical scenario [61] . We are now testing how SOD-NPs and catalase-loaded NPs, or combination of these formulations, would perform in the presence of t-PA and whether we can extend the window of t-PA treatment with effective antioxidant delivery.
Other therapeutic strategies for ischemic stroke
The understanding of various pathogenetic mechanisms of stroke leads to the development of newer therapeutic approaches with different modes of action as well as with a wider therapeutic window. Anti-ischemic agents like glutamate antagonists, anti-inflammatory agents, anti-apoptotic agents, and ion-channel modulators are the currently studied therapeutic interventions for ischemic stroke [62, 63] Glutamate antagonism Glutamate antagonists are the most studied neuroprotective agents. As mentioned earlier, glutamate is one of the excitatory CNS neurotransmitters and is released excessively during ischemia [64] . Several receptors relevant to neuroprotection, such as NMDA, AMPA, KA, and metabotropic receptors, are activated by glutamate. Since the activation of most of these receptors is associated with calcium influx leading to cell damage, both glutamate receptor antagonism and calcium channel blockers might serve a neuroprotective role. Although glutamate receptor antagonists have shown excellent neuroprotective effects in animal studies, these effects have not been validated in clinical studies. As a result, studies of several NMDA antagonists-Selfotel (CGS19755) [65] , Eliprodil [66] , and Aptiganel (Cerestat, CNS 1102) [67] -have been halted. Calcium channel blockers such as Nimodipine [68] and Flunarizine also showed no significant benefit versus placebo in clinical trials. Despite these failures and various side effects at both the psychiatric and cardiovascular levels, the possibility of a role for glutamate receptor antagonists in neuroprotection still exists. A phase III trial with YM872, an AMPA receptor antagonist, is ongoing, and seeks to determine its potential efficacy in combination with t-PA thrombolysis. No clinical trials with metabotropic glutamate receptor antagonists have been conducted. It was recently reported that SP-8203, an NMDA antagonist, has dual effects that protect cells against excitotoxicity and improve memory in brain ischemic injuries [69] , suggesting a potential therapeutic role of SP-8203 in cerebral ischemic injuries.
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Control SOD-Sol SOD-NPs Fig. 2 Efficacy of SOD-NPs in rat stroke model. Transient focal cerebral ischemia was accomplished by middle cerebral artery occlusion using a suture in rats. One hour after ischemia, a suspension of SOD-NPs was infused through the carotid artery at the time of reperfusion. In acute studies, animals were evaluated for neurological parameters prior to euthanization at 6 h following reperfusion; brain were harvested to measure infract volume. In chronic studies, the same protocol was followed but animals were allowed to recover. Different controls were used including control NPs, SOD in solution, control NPs mixed with SOD in solution. SOD-NPs reduce infarcted area, improve neurological scores, and increase survival in rat middle cerebral artery occlusion ischemic stroke model. The main cause of failure of many approaches in clinical studies is inadequate dosing and timing of therapeutics, particularly an unrealistic time window derived from animal models that cannot be duplicated in humans [70] . The reasons for the failure of the most promising drug in a clinical study (NXY-059 in the SAINT II trial) are that the drug was not given to most patients within a 4-to 6-h time window as was used in animal studies and its inadequate drug levels in the brain [71] . One phase III trial, the Field Administration of Stroke Therapy-Magnesium study, which aims to determine the safety of magnesium sulfate when administered acutely in the first minutes after stroke onset, addresses these issues by arming paramedics with tools to obtain consent and administer the experimental therapy within a hyperacute therapeutic window [72] . A pilot study for this trial found significantly improved modified Rankin scores (mRS) at day 90 for trial patients, and the study design has contributed a novel experimental strategy that could benefit other researchers in translating preclinical study results to field applications. Recognizing the benefits of pre-hospital neuroprotective agent administration, the Stroke Treatment Academic Industry Roundtable meeting set recommendations for priorities in stroke research, noting that the hyperacute treatment window could potentiate other interventions and increase the time window for other time-sensitive interventions [73] .
Anti-inflammatory agents Cerebral ischemia activates an inflammatory reaction within hours of the injury. Suppression of inflammation using a variety of drugs has been shown to reduce infarct area in animal studies. Commonly used anti-inflammatory agents are aspirin and the lipid-lowering statins. A combination of aspirin and extended release dipyridamole was found to be more efficacious than aspirin alone for nonfatal stroke by the second European Stroke Prevention Study and the European/Australian Stoke Prevention in Reversible Ischemia Trial [74] . In an investigation of the antiinflammatory and neuroprotective properties of statins, the Stoke Prevention by Aggressive Reduction in Cholesterol Level study showed that treatment with high-dose atovastatin reduces the risk of stroke in patients with first attack of stroke and no known coronary artery disease [75] . In addition to aspirin and statins, two leukocyte adhesion inhibitors, Enlimomab and LeukArrest, were studied in patients with ischemic stroke. Although Enlimomab was shown to reduce the damage in stroke models, patients who received it experienced significantly more negative effects relative to placebo controls [76] .
Another neuroprotective approach was explored in the "Intravenous Thrombolysis Plus Hypothermia for Acute Treatment of Ischemic Stroke (ICTuS-L)" study of the effects of induced hypothermia and thrombolysis after acute ischemic stroke. Hypothermia is thought to serve a neuroprotective role in stroke via inhibition of the MIP-3α-CCR6 inflammatory pathway [77] . Although hypothermia has been shown to confer some protection against damage in cardiac arrest and neonatal hypoxic-ischemic encephalopathy patients [78, 79] , its effectiveness in acute ischemic stroke has not been definitively demonstrated. Negative consequences, including pneumonia, were seen more frequently in patients who had undergone hypothermia treatment, compared to controls in this study. Disappointingly, there was no significant benefit in mRS between the two trial groups [80] .
Ion channel modulators As previously discussed, the influx of calcium and sodium and efflux of potassium during the ischemic cascade leads to brain tissue damage [81] . Therefore, ion channel modulators might have a neuroprotective role. Nimodipine, a calcium channel blocker that dilates intracranial blood vessels and improves the regional blood flow in the margins of the brain infarct, did not show [57] any benefit in clinical trials. Similarly, Fosphenytoin, the sodium channel blocker, was shown to decrease the amplitude of sodium-dependent action potentials and to block voltage-dependent calcium entry into synaptosomes. Again, phase III clinical trials were terminated due to the lack of demonstrated benefit. The potassium channel activator Maxipost also failed at phase III clinical trials, even though it was expected to protect neurons by inducing neuronal hyperpolarization and decreasing the release of excitatory amino acids [82] .
Anti-apoptotic agents Caspase is a group of cysteine proteases that induce apoptotic cascade when activated. Inhibition of caspase activity has been shown to reduce the size of infarction in rodent stoke models [83, 84] . However, none of the caspase inhibitors has yet been tested in clinical trials. A 2009 study on the efficacy of erythropoietin as a neuroprotectant yielded negative effects and safety concerns after it was shown that not only did erythropoietin not confer a neuroprotective benefit, but erythropoietin in combination with the current standard of care, rt-PA, increased the risk of death, intracerebral hemorrhage, brain edema, and thromboembolic events [85] . Thus, future studies should evaluate the effect of putative therapeutic agents in conjunction with the use of rt-PA where appropriate. These studies demonstrate some of the challenges faced in seeking neuroprotective agents to reduce the initial damage wrought by ischemic stroke.
Neuronal rescue
Another critical issue in stroke therapy is how to recover areas of infarcted brain that appear irreversibly damaged due to ischemia. To address this issue, research is now focused on understanding neurogenesis, particularly endogenous repair mechanisms such as the involvement of neuronal progenitor cells and their proliferation and differentiation into neural cells [86] . However, use of a small population of endogenous neuronal progenitor cells and their limited capacity to regenerate under inflammatory conditions may not be enough to achieve significant neurological recovery. Therefore, several growth factors (e.g., epidermal, fibroblast, and vascular endothelial growth factors, erythropoietin) have been tested to increase proliferation and migration of progenitor cells. The major challenge seems to be inducing sufficient proliferation to repair the devastating neuronal damage following ischemia, promoting survival of the newly formed cells in the hostile environment, and more importantly, inducing proper connectivity of the newly formed cells with the existing circuitry [86] . An alternative approach is the transplantation of stem cells, but a number of factors could influence the success of this approach, the main one being the survival of the transplanted cells and the likelihood of their proper differentiation into neuronal cells [87, 88] .
Summary
The main challenge in stroke therapy is how to rescue patients who have survived the ischemic insult, considering that by the time they are evaluated, the majority might have passed the 3-h window in which to receive t-PA therapy. Therefore, the prime issues are: (1) how to extend the window of treatment; (2) how to minimize the effect of reperfusion injury, considering that the damaging effect due to reperfusion sometimes could be greater than that due to ischemia itself; (3) how to reduce the risks associated with t-PA therapy beyond 3 h; and (4) how to regenerate infarcted brain areas to regain neurological function. New advances that combine the basic understanding of pathobiology of the disease and translational research including drug delivery approaches and surgical interventions could address the complex issues associated with stroke therapy.
